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Abstract 
Piezoelectric positioners are widely used as a nano technology tools. A common application of piezoelectric positioners is the 
piezoelectric tube scanner. This is because they guarantee a precise nanoscale positioning. However, there are some losses of positioning 
precession due to vibration in fast scanning, and some nonlinear drawbacks represented by creep and hysteresis. Hysteresis problem 
appears at wide scanning range. For such a nonlinear problem, it is impossible to get an exact model for control system design. Therefore, 
in this paper a neural network scheme has been used to generate a proper control signal based on open-loop input / output (I/O) data. 
Control signal is then calculated in frequency domain based on I/O spectrum. Neural network is trained offline using set of reference 
signal harmonics to produce the required control signal harmonics. An inverse Fourier transform is performed to obtain the time domain 
control signal. Experimental results show that the developed control scheme improves the performance of the system by minimizing the 
effect of hysteresis. 
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Nomenclature 
a, b, c                                    harmonic frequencies coefficients of the reference, output, and control signals 
f                                    signal frequency (Hz) 
G(f)                                    frequency response function 
R                                    magnitude of the signal spectrum 
t                                    signal time (sec) 
T                                    fundamental period of the signal (sec) 
x(t),y(t),u(t)                      reference, output, and control signals in time domain 
X(f), Y(f), U(f)                      reference, output, and control signals in frequency domain 
Greek symbols 
Ɵ                                     angle of the signal spectrum (rad) 
Subscripts 
n                                      harmonic frequency index 
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1. Introduction 
Piezoelectric tube scanner is one of the common types of nano positioners. It is used in many applications such as atomic 
force microscopy (AFM) [1]. Its main function in AFM is to move the sample along the three coordinates, since it can 
provide a nanoscale precision positioning. The scanning precision is limited by vibration and non-linearities inherent to the 
piezoelectric materials, namely hysteresis and creep [2], [3], [4]. A typical solution to avoid the effect of hysteresis is to 
scan at short range. However some applications require wide range of scan, therefore the generated image would be 
distorted. Hence the need of hysteresis compensation is essential.  
Over the past years, many researches have been conducted to overcome the hysteresis problem and improve the 
performance of the PZT. A classical technique to handle this problem is to use a charge control approach [5]. The main idea 
is that the hysteresis is caused by the change in a charging capacity effect of piezo element. However, this method requires a 
special charge amplifier [3] with high expenses, and increases sensitivity of the displacement. The inverse linearized 
Preisach model with a feed forward loop and a PID feedback controller has been used to improve the tracking accuracy of 
piezo actuator [5]. The performance of modeling and control was enhanced dramatically. However, the derived equations 
and mathematical operations used are approximations and can be complicated [6].  
For such a nonlinear problem, intelligent techniques such as neural networks would be a suitable solution [7], [8], [9]. In 
this paper, the feed forward multi-layer neural network (MLNN) is used to generate a suitable control signal based on signal 
processing in frequency domain. Control signal harmonics are calculated using reference and output signals harmonics. 
Those harmonics are used as a target to train the neural network for different scanning ranges. Then inverse Fourier 
transform is used to reconstruct control signal in time domain. An advantage of this control scheme is that it does not 
depend on the exact modeling of the hysteresis. 
2. Working principle of piezoelectric tube scanner: 
In piezoelectric tube scanner, the scanning is attained in a raster pattern as illustrated in Fig 1-a. Raster scan can be 
performed by moving the piezo tube along the x-axis (fast-axis) in forward and reversed directions (scan line), and then 
along the y-axis (slow-axis) in a small step to reach the next scan line. This movement is attained by applying a triangular 
wave signal to the x-axis and a slowly increasing staircase signal to the y-axis of the scanner Fig 1-b. 
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Fig. 1. (a) Raster scan pattern (b) Staircase and triangular waves applied to y-axis and x-axis respectively. 
3. Hysteresis Effect 
Piezoelectric materials have properties that makes them exhibit hysteretic behavior when driven by voltage source [10]. 
The effect of the hysteresis increases as the amplitude or the frequency of the applied voltage signal increases [11]. In 
piezoelectric tube scanner, the hysteresis becomes the main source for nonlinear distortions. When a triangular wave signal 
is applied to a piezoelectric tube scanner the resulting displacement can deviate from linear between the forward and 
backward movements due to the presence of hysteresis as illustrated in Fig. 2. 
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Fig. 2. Hysteresis effect due to 1Hz triangular signal input for scanning range of 15μm. (a) Time response, measured displacement (solid line). Reference 
displacement input (dashed line). (b) Hysteresis curve shows the relationship between input and the scanner’s displacement. 
4. Neural Network Based Hysteresis Compensation 
The proposed control scheme consists of a feedforward path. This structure is illustrated by Fig. 3 
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Fig. 3 Block diagram of the proposed control scheme. 
The idea of this control scheme is to generate a control system using neural network based on frequency domain analysis. 
This process can be explained in the following four steps: 
 
a. Acquiring open loop data 
Fourier transform is performed on the reference signal x(t) and open-loop response y(t) over one period. This can be 
performed using the following formula: 
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The resultant frequency domain signal is an array of complex numbers in rectangular form. It is important to change it to 
polar form to represent it graphically as in Fig 4:  
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Fig. 4. Illustration of open loop I/O signals. (a) Signals in time domain, reference signal (dashed), and actual output (solid). (b) Signals in frequency 
domain, reference signal (dashed), and actual output (solid). 
b. Calculating control signal in frequency domain U(f) (offline) 
PZT has a nonlinear behavior, which is very complicated to get its accurate model, and therefore, the designed control 
system based on an inaccurate model would be less effective. However, the instantaneous frequency response function G(f) 
can be represented by the ratio of the instantaneous output over input in frequency domain, G(f) as given by Eq. 3. 
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Based on this definition, control signal U(f) in frequency domain is calculated as: 

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c. Neural network training 
A multi-layer neural network with back propagation learning algorithm is trained offline for set of data of different 
scanning ranges to produce the required U(f) in terms of its harmonics c1, c2, c3,…, cn. as shown in Fig. 5 
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Fig. 5. Illustration of the neural network used for producing control signal in frequency domain. 
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d. Generating control signal u(t) (online) 
In the previous step, the neural network produces harmonics of control signal c1, c2, c3,…, cn in polar form. These 
harmonics are used to construct u(t) in time domain by performing inverse Fourier transform as shown in Eq. 4 and Fig 6: 
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Fig. 6. Illustration of control signal in (a) frequency domain (b) time domain. 
5. Neural Network Structure 
Multi-layer neural network (MLNN) is a feed forward neural network that maps set of input data onto specific target 
output. Basically, it has three layers, input, hidden, and output layer, it might has more than one hidden layer. Mapping from 
certain layer to another layer is nonlinear based on an activation function. MATLAB neural network toolbox makes it 
relatively simple to set the network architecture. Furthermore, number of neurons in the output layer is determined by the 
number of outputs. 
In this problem, 20 harmonics of the reference signal spectrum has been taken to produce the same number of harmonics 
of control signal. These 20 harmonics are enough to reconstruct the signal in time domain without any distortion. Therefore, 
number of inputs and outputs of neural network is 20, which means output layer has 20 neurons. In this paper, the neural 
network has been trained for three different scanning ranges; േ5μm, േ10μm, and േ15μm, however, it can be trained easily 
for multiple scanning ranges. Using MATLAB toolbox we get the neural network architecture shown in Fig.7: 
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Fig. 7. Illustration of Multi-layer feed forward neural network structure. 
6. Results 
     The developed control scheme has been tested for three different scanning ranges, േ5μm, േ10μm, and േ15μm, however, 
the frequency here is fixed at a small value of 1Hz. This is in order to avoid vibration problem at high frequencies due to 
excitation of the tube resonant. 
     A dSPACE DS1103 rapid prototyping system with a 16-bit ADC/DAC card, capacitive sensor with resolution of (±1v = 
±50μm), and power amplifier with gain of 20 were used for real-time controller implementation. Fig.8 shows the 
experimental setup. 
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Fig. 8. Experimental setup. 
 
Fig. 9 shows experimental results of reference signal, open loop response, and control signal in time and frequency 
domain. It can be clearly seen that the magnitude of spectrum in the three signals is almost the same; however the 
significant difference appears at the angle of the spectrum. From Fig. 10- a, it is clear that hysteresis effect increases with 
scanning range. At േ15μm and േ10μm the effect can be clearly seen. Fig. 10- b shows the error e(t)=x(t)-y(t) plot of 
compensated and uncompensated system. It can be seen clearly that neural network scheme improves system performance 
by reducing the hysteresis effect for േ5μm, േ10μm, and േ15μm scanning ranges as given in Table 1. 
Table 1. RMS error of 5μm, 10μm, and 15μm scanning ranges. 
Scanning range 5μm 10μm 15μm 
RMS error of the 
uncompensated system 6.0501nm 20.9318nm 43.7731nm 
RMS error of the 
compensated system 1.7869nm 3.2936nm 6.8935nm 
 
                                        (a)                                                    (b)                                                    (c) 
Fig. 9. Experimental results of reference signal (dashed), open loop response (solid), and control signal (dotted) for േ15μm. (a) Time domain, (b) 
frequency domain magnitude, (c) frequency domain Angle. 
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      (a)                                                                                      (b) 
Fig. 11. Experimental results (a) Scanner performance for േ5μm, േ10μm, and േ15μm ranges. Refference input signal (dashed), Compensated system 
(dotted), and uncompensated system (solid). (b) Hysteresis error for േ5μm, േ10μm, and േ15μm ranges. Compensated system (dashed), uncompensated 
system (solid). 
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